Igneous complexes with a wide variety of lithologies in continental magmatic arcs provide a critical insight into the composition and formation mechanism of continental crust. We report, for the first time, a systematic dataset for the petrology, mineralogy, geochronology, and geochemistry of the Cuijiu Igneous Complex in the eastern Gangdese Arc of southern Tibet. This complex includes a wide variety of rocks from ultramafic-mafic and felsic cumulates to mafic to felsic non-cumulate plutonic rocks. Cumulate and non-cumulate rocks can be distinguished by combining petrography and bulk-rock composition. Titanite and zircon U-Pb dating of 15 samples shows that the varying lithologies within this complex crystallized contemporaneously at c. 200 Ma. The non-cumulate plutonic rocks were formed through hornblende-dominated fractional crystallization from cogenetic primitive basaltic magmas, which were derived from partial melting of a mantle wedge metasomatized by subduction-related fluids. The ultramafic-mafic and felsic cumulates have similar isotopic compositions and crystallization order of minerals to the non-cumulate plutonic rocks, representing complementary compositions of the fractional crystallization processes. Petrological and geochemical signatures call upon two-step fractional crystallization as the dominant process to generate the Gangdese Arc during the Early Mesozoic. The assemblage and crystallization order of minerals, as well as Al-in-Hb geobarometry, reveal that the c. 200 Ma Cuijiu Igneous Complex crystallized at a range of pressures between 10 and 2Á5 kbar. This result allows us to propose that the Early Mesozoic Gangdese crust had a normal thickness ($35 km), in which the middle to lower part (20-35 km) was dominated by hornblenderich rocks with minor diorites and tonalites intruding metamorphosed Late Paleozoic igneous rocks, followed upward by a thick granitoid batholith (4-20 km) and by volcano-sedimentary rocks (0-4 km).
INTRODUCTION
The Earth differs from the other planets in our Solar System in having a high-standing continental crust, which has an andesitic to dacitic bulk composition (Taylor & McLennan, 1985; Rudnick & Gao, 2003) . Based on trace element similarities between bulk continental crust and arc magmas (e.g. enrichment in Pb and depletion in Nb, Ta, and Ti), it is widely accepted that the continental crust, at least since the Phanerozoic, has been formed through arc magmatism (Taylor & McLennan, 1985; Rudnick, 1995; Rudnick & Gao, 2003) . Documenting the structure and petrology of arc crusts therefore is critical for understanding the formation and evolution of continental crust (Christensen & Mooney, 1995; Tibaldi et al., 2013) . Geophysical investigations provide an indirect method to determine the deep crustal structure and petrological compositions of active arcs (Fliedner et al., 2000) . In a few cases, however, middle to lower arc crustal fragments and even complete arc crustal sections are exposed at the Earth's surface, providing an opportunity to directly observe the vertical composition of ancient magmatic arcs, such as the Kohistan Arc, Pakistan (Jagoutz et al., 2007; Dhuime et al., 2009) , Fiordland, New Zealand (Daczko & Halpin, 2009; Chapman et al., 2016) , the Talkeetna Arc, Alaska (DeBari & Coleman, 1989; Greene et al., 2006) , the North Cascades, USA (Miller et al., 2009; Dessimoz et al., 2012) , the Sierra del Valle Fertil complex, Argentina (Otamendi et al., 2009; Walker et al., 2015) , the Bonanza arc, Canada (DeBari & Mortensen, 1994; Larocque & Canil, 2010) and the Sierra Nevada Batholith, North America (Saleeby et al., 2003; Lee et al., 2006; Ducea et al., 2015) .
The Kohistan Arc and Sierra Nevada Batholith are typical oceanic and continental arcs, respectively, and preserve relatively complete vertical arc sections (Saleeby et al., 2003; Ducea et al., 2015; Jagoutz & Kelemen, 2015) . Both of them are composed of a volcanic cover with hypabyssal intrusive bodies, a thick batholith mainly consisting of granitoids and an arc root dominated by ultramafic-mafic rocks (Saleeby et al., 2003; Jagoutz & Kelemen, 2015) . Such a vertical variation of rock types is the natural consequence of magmatic processes. These processes include crystal fractionation of primitive arc magmas (Greene et al., 2006; Lee et al., 2006; Jagoutz et al., 2009) , partial melting of lower basaltic crust (Atherton & Petford, 1993) or of other intra-arc rocks (Symington et al., 2014) , magma mixing and crustal assimilation (DePaolo, 1981; Hildreth & Moorbath, 1988; Walker et al., 2015) , or a combination of these (Sisson et al., 1996; Annen et al., 2006) . For a given continental arc, identifying the dominant magmatic processes is fundamental in reconstructing the magmatic evolution and crust formation. However, such effort is often obscured owing to the absence of direct lines of evidence from field geology, petrology, and geochemistry.
As a prominent part of the continental arc along the southern margin of Eurasia, the Early Mesozoic Gangdese Arc in southern Tibet (Fig. 1a) has received much attention as it records the history of oceanic subduction related geodynamically either to the BangongNujiang Tethyan Ocean to the north (Zhu et al., 2011a (Zhu et al., , 2019 or to the Neo-Tethyan Ocean to the south (Chu et al., 2006; Ji et al., 2009) . However, previous studies have primarily focused on its geochronological framework and the petrogenesis of granitoids from the upper to middle crust (Schä rer et al., 1984; Chu et al., 2006; Ji et al., 2009; Zhu et al., 2011a Zhu et al., , 2017 , and little is known about the middle to lower crustal compositions of the Early Mesozoic Gangdese Arc. Owing to rapid uplift and extensive erosion during the Cenozoic, Mesozoic deep arc crustal rocks with varying lithologies are well exposed in the eastern Gangdese Batholith (Zhang et al., , 2014a Zhu et al., 2019) , providing a window into the magmatic evolution and crustal formation mechanisms of the eastern Gangdese Arc during the Mesozoic.
Geochronological, mineral and whole-rock geochemical, and whole-rock Sr-Nd-Pb-Hf and zircon Hf isotopic data, are presented for the c. 200 Ma Cuijiu Igneous Complex in the eastern Gangdese Arc (Fig. 1b) . These new data, together with the data from the literature, allow us to propose a hornblende-dominated assimilation-fractional crystallization (AFC) model to explain the magmatic evolution of the Early Mesozoic Gangdese magmatic rocks, and to reconstruct the vertical compositional section of the eastern Gangdese Arc crust during the Early Mesozoic. Our work provides not only comprehensive insight into the magmatic processes responsible for the generation of the Early Mesozoic Gangdese Arc, but also the foundations for further understanding the composition and formation mechanism of the eastern Gangdese Arc crust in particular, and of the continental crust in general. basement, the Lhasa Terrane is further subdivided into northern, central, and southern subterranes by the Shiquanhe-Nam Tso ophiolitic mé lange zone (SNMZ) and the Luobadui-Mila Mountain fault zone (LMF) (Fig. 1a) (Zhu et al., 2011a) . Ancient basement rocks are known to exist in the central Lhasa subterrane and the eastern segments of the southern Lhasa subterrane, and may be absent in the northern Lhasa subterrane (Zhu et al., 2011a . Southward subduction of the Bangong-Nujiang Tethyan Ocean lithosphere, northward subduction of the Neo-Tethys Ocean lithosphere and collision of the Lhasa Terrane with the Qiangtang Terrane to the north and Indian continent to the south have resulted in the development of widespread magmatism in the Lhasa Terrane (Zhu et al., 2011a) . The magmatism in the southern Lhasa Terrane now is manifested as the voluminous Gangdese Batholith and associated volcanic rocks from the Late Triassic to early Cenozoic (Zhu et al., 2011a (Zhu et al., , 2019 Wang et al., 2016) .
The Gangdese Batholith, which intrudes the southern Lhasa subterrane, extends over 1500 km from Kailas in the west to Nyingchi in the east, and varies between 10 and 80 km in width (e.g. Copeland et al., 1995; Zhu et al., 2015 Zhu et al., , 2019 (Fig. 1b) . A large amount of geochronological data has been reported for the Gangdese Batholith, which indicates that it was emplaced from the Late Triassic ($220 Ma) to the Late Miocene ($10 Ma) (e.g. Zhu et al., 2017; Ma et al., 2018) . Before the Indian continent collided with the Lhasa Terrane in the early Cenozoic (for a review, see, e.g. Zhu et al., 2015; Hu et al., 2016) , the Gangdese Batholith was characterized by extensive Mesozoic continental arc plutonic rocks with two main stages of magmatic activity in the Late Triassic-Early Jurassic (220-170 Ma) and the Early Cretaceous (95-85 Ma) (Ji et al., 2009; Zhu et al., 2017; Ma et al., 2018) . The Mesozoic Gangdese Batholith mainly consists of diorite, tonalite, granodiorite and granite with minor hornblende gabbro. Most rocks have depleted zircon Hf and whole-rock Sr-Nd isotopic compositions, which are indicative of significant involvement of depleted mantle or a juvenile crust in magma generation (e.g. Mo et al., 2005; Zhu et al., 2011a Zhu et al., , 2013 . The Late Mesozoic Gangdese Batholith is generally linked with northward subduction of the NeoTethyan oceanic slab beneath the southern Lhasa subterrane, whereas the geodynamic trigger for the Early Mesozoic Gangdese Batholith is attributed to either the northward subduction of the Neo-Tethyan Ocean (Chu et al., 2006; Ji et al., 2009) or the southward subduction of Bangong-Nujiang Tethyan Ocean (Zhu et al., 2011a (Zhu et al., , 2019 .
In the eastern Gangdese Batholith, there are numerous medium-to high-grade metamorphic rocks (Bomi Group and Nyingchi Group) that were previously considered as Precambrian metamorphic basement (Pan et al., 2004) (Fig. 1b) . However, recent studies indicate that these rocks are a suite of Paleozoic-Mesozoic sediments which have experienced Late Mesozoic to early Cenozoic metamorphism (for a review, see, e.g. Zhang, et al., 2014b) . Minor Early Paleozoic gneissic granites and metamorphosed Late Paleozoic igneous rocks (including gneissic granite and amphibolite) have recently been recognized in the eastern segment of the southern Lhasa subterrane (Ji et al., 2012; Wu et al., 2013; Dong et al., 2014; Dong & Zhang, 2015) . Geochemical data reveal that these rocks were derived from anatexis of ancient crustal materials with varying contributions from mantle-derived materials (Ji et al., 2012; Wu et al., 2013; Dong et al., 2014; Dong & Zhang, 2015) , indicating the presence of an ancient basement in the eastern Gangdese Batholith. In situ zircon U-Pb dating and amphibole-plagioclase-quartz barometry suggest that the metamorphosed Late Paleozoic igneous rocks have experienced amphibolite-facies metamorphism under 6Á2-6Á9 kbar pressure at $100 Ma (Dong et al., 2014) .
FIELD OBSERVATIONS AND PETROLOGY
The study area is located at the eastern Gangdese Batholith and stretches across the Himalayas and the Lhasa Terranes, separated by the IYSZ (Fig. 1b) . From south to north, the Upper Triassic Jiangxiong Formation, Oligocene to Miocene Dazhuka Formation, Late Devonian-Early Carboniferous gneissic granites and the Gangdese Batholith can be identified (Fig. 2a) . The Upper Triassic Jiangxiong Formation consists of slate, shale and sandstone, and is thought to be derived from continental crustal fragments that were adjacent to the northwestern margin of Australia (Cai et al., 2016) . The Oligocene to Miocene Dazhuka Formation, which consists of red sandstone and conglomerate, represents post-collisional molasse deposits of the IYSZ. The Late Devonian-Early Carboniferous gneissic granites develop gneissic structures and local mylonitic structures with zircon U-Pb ages of 341-371 Ma (Ji et al., 2012; Wu et al., 2013; Dong et al., 2014) . The Gangdese Batholith in this area is dominated by the c. 200 Ma Cuijiu Igneous Complex, which intrudes into the Late Devonian-Early Carboniferous gneissic granites with obvious intrusive boundaries to the south, and is intruded by late Cretaceous tonalitic dikes ($100 Ma) and Eocene granitoids ($49 Ma) to the north (Fig. 2b) .
The Cuijiu Igneous Complex consists mainly of diorite and tonalite with minor massive clinopyroxene hornblendite, porphyritic clinopyroxene hornblendite, quartz-rich hornblendite, hornblendite, hornblende gabbro, gabbro-diorite, and monzogranitic dikes (Fig. 2b) . In addition, abundant mafic microgranular enclaves (MME) occur as dark blobs in the diorites and range in size from a few centimeters to a meter in length. We describe various units with the exception of porphyritic clinopyroxene hornblendite, quartz-rich hornblendite and MME, all of which have complex formation processes and are not discussed further here.
Based on textural and geochemical characteristics, the rocks of the Cuijiu Complex were divided into two groups: ultramafic-mafic and felsic cumulates (including massive clinopyroxene hornblendite, hornblendite, hornblende gabbro and tonalite), and mafic to felsic non-cumulate plutonic rocks (including hornblende gabbro, gabbro-diorite, diorite, tonalite and monzogranitic dikes). All the cumulates studied are defined as magmatic rocks that formed by crystal accumulation, or from which some amount of residual liquid had escaped, and the non-cumulate plutonic rocks are considered to approach frozen liquid compositions with minor or negligible crystal accumulation. A summary of the general petrographical features of the samples is listed in Table 1 ; field photographs and photomicrographs are shown in Figs 3-6.
Ultramafic-mafic and felsic cumulates
Ultramafic-mafic cumulates are located within the Late Devonian-Early Carboniferous gneissic granites in the southern part of the complex and vary from clinopyroxene hornblendite and hornblendite to hornblende gabbro (Fig. 2b ). An obvious intrusive boundary is preserved at the contact between the gneissic granite country rock and the clinopyroxene hornblendite (Fig. 3a) . A few hornblende-plagioclase pegmatitic dikes, typically tens of centimeters in width, were identified within the clinopyroxene hornblendites, representing late crystallization products. Clinopyroxene hornblendites display heteradcumulate textures with clinopyroxene (30-40%) poikilitically enclosed by hornblende (60-70%) (Fig. 3b) . Clinopyroxene crystals (0Á5-2 mm) within hornblende are always rounded and embayed (Fig. 3b) , suggesting that hornblende was formed by reaction between clinopyroxene and hydrous melt. Minor subhedral to anhedral apatite, titanite and magnetite occur in the interstices between hornblende grains ( Fig. 3c and d) . Both hornblendite and hornblende gabbro display typical orthocumulate textures with idiomorphic hornblende and interstitial plagioclase, together with minor euhedral to subhedral magnetite, apatite and titanite (Figs 3e, f and 4a, b) ; however, the abundance of interstitial plagioclase, commonly replaced by clay, epidote and sericite ( Fig. 4c and  d) , is different. In addition, modal layering was locally observed in cumulate hornblende gabbros (Fig. 4a) . Cumulate tonalites are the only felsic cumulates, and are occasionally exposed within the non-cumulate plutonic rocks with unknown contacts. They also develop local modal layering and are mostly moderately foliated (Fig. 5a ). Zoned euhedral to subhedral plagioclase (45-50%) largely defines a porphyritic texture (Fig. 5b) , and occurs commonly in synneusis clusters (Fig. 5c ). Finergrained (<0Á5 mm) anhedral plagioclase ($5%) along with quartz ($30%), biotite (5-10%) and orthoclase (<5%) are interstitial to the euhedral to subhedral plagioclase phenocrysts. Some plagioclase and biotite grains are bent (Fig. 5d ).
Non-cumulate plutonic rocks
These are located in the northern part of the complex (Fig. 2b) , and include hornblende gabbro, gabbro- diorite, diorite, tonalite, and monzogranitic dikes. The monzogranitic dikes intrude into the cumulate tonalites and diorites ( Fig. 6a and b) , whereas the contact relationship among the other lithologies is unclear. The monzogranitic dikes are composed of quartz ($40%), orthoclase ($40%), plagioclase ($15%), biotite (<5%), and accessory (<1%) magnetite, zircon, titanite and apatite (Fig. 6c) . Non-cumulate hornblende gabbros and gabbro-diorites are volumetrically minor units. Unlike the ultramafic-mafic cumulates, in which amphibole is present as oikocrysts or cumulus phases and plagioclase is interstitial, amphibole and plagioclase in the non-cumulate hornblende gabbro occurs as euhedral to mostly subhedral grains ( Fig. 4e and f) . Gabbro-diorites are locally intruded by late Cretaceous tonalitic dikes ($100 Ma). Diorites and tonalites, the volumetrically most important lithologies in the complex, generally have a pervasive foliation that gives rise to a gneissic aspect (Fig. 6d ), but the general lack of deformed quartz and biotite indicates that the foliation is of magmatic origin (Fig. 6e) . With the exception of the monzogranitic dikes that contain K-feldspar and lack hornblende, the other non-cumulate plutonic rocks have similar mineral assemblages (hornblende, plagioclase, quartz and biotite) but in different proportions. Quartz and biotite contents increase and hornblende contents decrease from the hornblende gabbro to tonalite. One diorite (11CJ10-1) and one tonalite (11CJ14-2) are noteworthy for the presence of euhedral to subhedral epidote (100-500 lm), which is enclosed by or in contact with fresh biotite ( Fig. 6f and g ), indicating its magmatic origin (Schmidt & Poli, 2004) .
ANALYTICAL METHODS
A phase map of a thin section of sample 11CJ11-1 from the Cuijiu cumulate tonalites was created using the Automated Mineral Identification and Characterization System (AMICS) at the Analytical Laboratory of Beijing Research Institute of Uranium Geology. Zircons and titanites were separated using conventional heavy-liquid and magnetic techniques at the Yuneng Mineral Separation Service Company, Langfang, Hebei Province, China. U-Pb zircons and titanites were dated using laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) at the Major elements in minerals were analysed using a JEOL JXA-8100 (beam current of 20 nA at 15 kV) and an EPMa-1720 (beam current of 10 nA at 15 kV) electron microprobe at the State Key Laboratory of Isotope Geochemistry, Guangzhou Institute of Geochemistry, Chinese Academy of Sciences and the EMPA Laboratory of CUGB, respectively.
Whole-rock major and trace elements were measured at the GPMR and the Wuhan SampleSolution Analytical Technology Co., Ltd, Wuhan, China by X-ray fluorescence (XRF) on fused glass disks and using an Agilent ICP-MS system, respectively.
Bulk-rock isotopic ratios were determined at the GPMR using a Finnigan MAT-261 mass spectrometer and at the Institute of Oceanology, Chinese Academy of Sciences using a Nu Plasma multicollector (MC)-ICP-MS system. In situ zircon Hf isotope analysis was performed at the GPMR, the Institute of Geology and Geophysics, Chinese Academy of Sciences and the National Research Center of Geoanalysis, Chinese Academy of Geological Sciences, using a Neptune MC-ICP-MS system with a laser-ablation system. Details are given in Supplementary Data Electronic Appendix 2; supplementary data are available for downloading at http://www.petrology.oxfordjournals.org.
ANALYTICAL RESULTS

Age of the Cuijiu Igneous Complex
Because of the lack of zircon, one clinopyroxene hornblendite sample (16CJ17-1) was selected for titanite LA-ICP-MS U-Pb dating. Titanite U-Pb isotopic data are given in Supplementary Data Electronic Appendix 3. All ages reported here have uncertainties given at the 2r level. Twenty-three analyses define a well-constrained mixing line between radiogenic and common-Pb components (Fig. 7a) U age (199Á6 6 5Á4 Ma, MSWD ¼ 2Á3) (Fig. 7a) . Titanite grains are brown and enclosed within poikilitic hornblende in the clinopyroxene hornblendites ( Fig. 3c and d) . In back-scattered electron (BSE) images, titanite is subhedral to anhedral with sizes of 80-100 lm, and reveals no zoning (Fig. 7b) . These features, together with their high Th/U ratios of 0Á63-5Á15 (mostly >0Á8) (Supplementary Data Electronic Appendix 3) indicate they have a magmatic origin (Aleinikoff et al., 2002) . In addition, both the lower intercept age and the weighted mean 206 Pb/ 238 U ages are identical to the zircon U-Pb ages of other dated samples, and thus are interpreted as the crystallization ages of the clinopyroxene hornblendite sample. Two cumulate hornblende gabbros, two cumulate tonalites, one non-cumulate hornblende gabbro, two gabbro-diorites, four diorites, one tonalite and two monzogranitic dike samples collected from the complex were selected for zircon LA-ICP-MS U-Pb dating. Zircon U-Pb isotopic data are given in Supplementary Data Electronic Appendix 3. Representative zircon U-Pb concordia diagrams and cathodoluminescence (CL) images, and detailed descriptions of the zircon U-Pb age results are given in Supplementary Data Electronic Appendix 4. Zircon colors, shapes, sizes, and internal structures are similar in a single sample, but variable in different samples (Table 2 ). Zircon shapes and internal structures, along with their Th/U ratios (>0Á1, mostly >0Á4) ( Table 2 ), indicate that they are magmatic in origin (Hoskin & Schaltegger, 2003 (Ji et al., 2012; Wu et al., 2013; Dong et al., 2014) . Although the hornblendites within the complex do not have age information, their close relationship with the cumulate hornblende gabbro and clinopyroxene hornblendite, such as rock texture (Fig. 3 ), mineral and whole-rock geochemical compositions, and isotopic data, indicate contemporaneity. Together, this suggests that the Cuijiu Igneous 
Mineral compositions
Major oxide data for clinopyroxene, hornblende, plagioclase, epidote, apatite, titanite, biotite, alkali feldspar and magnetite are listed in Supplementary Data Electronic Appendix 3.
Clinopyroxene
Clinopyroxene is present only in clinopyroxene hornblendites and is commonly rimmed by hornblende (Fig. 3b) . It is homogeneous within a single sample (Fig. 8a) . Grains from samples 16CJ17-1 and 16CJ17-4 are diopside in composition (Fig. 8a) , and have higher Mg# (Mg/(Mg þ TFe 2þ ) (83Á6-85Á2), MgO (14Á8-15Á4 wt %) and CaO (24Á6-25Á1 wt %), and lower FeO T (4Á30-5Á22 wt %) than those from sample 16CJ17-2. The latter are also diopside in composition (Fig. 8a ), but with relatively lower Mg# (73Á0-77Á6), MgO (12Á8-13Á5 wt %) and CaO (22Á5-24Á5 wt %), and higher FeO T (6Á84-8Á45 wt %). Clinopyroxenes from all three samples have similar SiO 2 (52Á8-54Á4 wt %), Al 2 O 3 (0Á61-2Á21 wt %), and TiO 2 (0Á08-0Á23 wt %) contents.
Amphibole
Amphibole is the dominant mafic mineral in the Cuijiu Igneous Complex and is absent only in cumulate tonalites and monzogranitic dikes. It occurs as rim on clinopyroxene in the clinopyroxene hornblendites and as a , Quxu hornblende gabbros (Meng et al., 2016; Ma et al., 2018) , Xiongcun diorites (Xu et al., 2017a) and Xiangmu tonalites (Shui et al., 2016) . The locations of these plutons are shown in Fig. 1b. (a) Data for clinopyroxene from clinopyroxene hornblendites plotted on the enstatite-ferrosilite-diopside-hedenbergite quadrilateral of Morimoto (1988) . (b, c) Classification of amphibole according to the nomenclature of Leake et al. (1997) 
cumulus phase in the hornblendites and cumulate hornblende gabbros (Fig. 3 ). All analyzed amphiboles are nearly homogeneous in a single sample, but vary for different bulk-rock compositions. Amphiboles from one clinopyroxene hornblendite sample (16CJ17-2) have lower Mg# values (53Á4-60Á0) than those from the other two samples (69Á1-75Á8), corresponding to their different clinopyroxene compositions. The Mg# values of amphiboles from the hornblendite, cumulate hornblende gabbro and non-cumulate plutonic rocks are similar and range from 55Á1 to 67Á2. Based on the nomenclature of Leake et al. (1997) , the amphiboles in clinopyroxene hornblendites are magnesiohornblende, pargasite and edenite ( Fig. 8b and c) ; those in the hornblendite and cumulate hornblende gabbro are pargasite and edenite (Fig. 8b) ; and those in non-cumulate plutonic rocks are magnesiohornblende (Fig. 8c ).
Plagioclase
Plagioclase is another dominant mineral and is absent only in clinopyroxene hornblendites. Cumulate hornblende gabbros contain minor fresh plagioclase, which ranges from An 40 to An 43 in composition (Fig. 8d ). For non-cumulate plutonic rocks, plagioclase varies from An 57-45 in the least evolved non-cumulate hornblende gabbros, to An 47-37 in gabbro-diorites, to An 40-31 in the evolved diorites and tonalites, and to An 28-11 in the most evolved monzogranitic dikes (Fig. 8d ), indicating that plagioclase grew from a continuum of melt compositions. In general, plagioclase has a constant An content. However, two oscillatory-zoned euhedral plagioclases (2-5 mm in length) from two diorite samples vary between An 40 to An 31 , and an oscillatoryzoned, euhedral plagioclase from the monzogranitic dike is normally zoned (An 21 core to An 7 rim). Large (1-2 mm) euhedral plagioclase grains from the cumulate tonalites are also normally zoned, trending from An 59-27 interiors to more sodic rims ). Anhedral, finegrained ( 0Á5 mm) plagioclase in the matrix is more albite-rich ), similar to the rim compositions of the larger euhedral crystals (Fig. 8d ). Representative textures of plagioclase crystals from the diorite, monzogranitic dike and cumulate tonalite samples are shown in Supplementary Data Electronic Appendix Fig. 1 , together with compositional profiles across the crystals for anorthite content.
Epidote
Minor prismatic euhedral epidote is present in a diorite and a non-cumulate tonalite sample as an accessory phase. The analyzed epidotes have low TiO 2 (<0Á2 wt %) and pistacite (Ps) contents of 28-31 mol% (see Supplementary Data Electronic Appendix Fig. 2 ), compatible with primary igneous epidote (Zen & Hammarstrom, 1984; Barth, 1990; Brandon et al., 1996; Sial et al., 1999) . The crystal form, texture and composition indicate that the epidote has a magmatic origin, indicating a pressure of crystallization higher than 5-6 kbar (Zen & Hammarstrom, 1984; Schmidt & Poli, 2004) .
Geochemical data
Whole-rock geochemical data, together with previously published data Shui et al., 2017) , for the Cuijiu Igneous Complex are given in Supplementary Data Electronic Appendix 3; the data for those samples that have been analyzed for whole-rock isotopes are given in Table 3 . The sample locations in this study are shown in Fig. 2b . Major element data are normalized to 100% on an anhydrous basis in all diagrams. Whole-rock Sr-Nd-Pb-Hf isotopic data are given in Table 3 . Initial isotopic ratios were calculated for 200 Ma. In situ zircon Hf isotopic data, together with previously published data Shui et al., 2017) , are given in Supplementary Data Electronic Appendix 3. There are no Hf isotope analyses for the zircon xenocrystic cores. (Fig. 10a) , reflecting the variable abundance of mineral phases, such as clinopyroxene, hornblende, plagioclase, apatite and Fe-Ti oxides. The most primitive clinopyroxene hornblendites have high MgO (12Á0-15Á2 wt %), SiO 2 (43Á0-47Á4 wt %) and CaO (14Á5-17Á7 wt %) contents, whereas the hornblendites and cumulate hornblende gabbros with both plagioclase and apatite have high Al 2 O 3 (13Á1-19Á4 wt %) and variable P 2 O 5 (0Á11-0Á53 wt %) contents. All samples are rich in magnetite and hornblende, and thus have high Fe 2 O 3T (12Á1-22Á3 wt %) and TiO 2 (0Á72-1Á87 wt %) contents.
Ultramafic-mafic cumulates
The ultramafic-mafic cumulates display bellshaped rare earth element (REE) patterns ( Fig. 11a ) with low (La/Sm) N (0Á49-1Á43) [subscript N denotes normalized to the chondrite values of Sun & McDonough (1989) ] and high (Dy/Yb) N (1Á59-1Á71) ratios (Fig. 12a) , and slightly negative Eu anomalies (Eu/Eu* ¼ 0Á87-0Á94) (Fig. 12b) . They are enriched in large ion lithophile elements (LILE) (e.g. Rb, K, and Pb), and depleted in high field strength elements (HFSE) (e.g. Nb, Ta, Zr, and Hf) (Fig. 11b) . REE concentrations in the hornblendites and cumulate hornblende gabbros are higher than those of the clinopyroxene hornblendites (Fig. 12c ). Compatible element (Cr and Ni) contents gradually decrease from clinopyroxene hornblendites to hornblendites and to cumulate hornblende gabbros ( Fig. 12d and e) .
Among the ultramafic-mafic cumulates, one clinopyroxene hornblendite sample (16CJ17-2) collected near the contact with the Late Devonian-Early Major element (wt %) Sr  126  112  218  825  550  390  363  310 Sm  2Á88  2Á26  5Á39  4Á16  4Á67  1Á16  1Á21  2Á77  3Á28  Eu  0Á84  0Á66  1Á55  1Á23  1Á34  0Á44  0Á47  0Á91  1Á03  Gd  2Á88  2Á40  5Á45  3Á93  4Á57  0Á96  1Á18  3Á24  3Á46  Tb  0Á44  0Á37  0Á79  0Á57  0Á68  0Á18  0Á19  0Á52  0Á56  Dy  2Á49  2Á26  4Á46  3Á28  3Á92  1Á09  1Á18  3Á44  3Á63  Ho  0Á50  0Á43  0Á88  0Á62  0Á73  0Á22  0Á26  0Á68  0Á73  Er  1Á24  1Á14  2Á23  1Á69  1Á93  0Á58  0Á73  1Á91  2Á06  Tm  0Á16  0Á15  0Á31  0Á22  0Á26  0Á09  0Á12  0Á30  0Á31  Yb  0Á98  0Á96  1Á84  1Á37  1Á54  0Á65  0Á81  1Á93  1Á93  Lu  0Á14  0Á14  0Á26  0Á19  0Á22  0Á11  0Á14  0Á29  0Á25  Hf  0Á79  0Á86  1Á66  1Á38  1Á19  2Á48  2Á75  1Á42  1Á94  Ta  0Á04  0Á07  0Á27  0Á18  0Á16  0Á09  0Á28  0Á11  0Á17  Pb  0Á95  0Á93  1Á62  3Á98  1Á73  8Á81  6Á74  2Á89  3Á60  Th  0Á12  0Á81  1Á19  1Á26  0Á42  1Á00  3Á62  0Á63  0Á74  U  0 Á07  0Á31  0Á45  0Á35  0Á23  0Á32  2Á25  0Á21  0Á29  87 Rb/  86 Sr  0Á0558  0Á0669  0Á5720  0Á1851  0Á0968  0Á1933  0Á4042  0Á0557  0Á0761 6Á94  8Á18  6Á30  6Á26  6Á75  5Á32  5Á33  0Á77  0Á48  MnO  0Á11  0Á14  0Á11  0Á12  0Á12  0Á08  0Á09  0Á01  0Á01  MgO  3Á93  4Á26  3Á04  3Á12  3Á48  2Á86  2Á68  0Á43  0Á08  CaO  8Á10  7Á34  6Á41  6Á33  6Á94  5Á92  5Á42  1Á61  0Á89  Na 2 O  4 Á40  3Á27  4Á20  4Á05  3Á81  4Á15  3Á73  2Á89  2Á80  K 2 O  0 Á61  1Á25  1Á15  2Á28  1Á42  1Á19  1Á33  3Á95  5Á30  P 2 O 5  0Á22  0Á21  0Á20  0Á18  0Á18  0Á17  0Á16  0Á03  0Á01  LOI  0Á91  1Á02  0Á63  0Á69  0Á70  0Á71  0Á95  0Á55  0Á31  Total  99Á7 9 9 Á8 9 9 Á4 9 9 Á3 9 9 Á4 9 9 Á1 9 9 Á4 100 100 Mg# 53Á1 5 1 Á0 4 9 Á1 4 9 Á9 5 0 Á8 2Á64  2Á98  2Á99  5Á82  4Á84  2Á72  2Á88  6Á19  2Á53  Cs  0Á93  0Á73  0Á85  0Á72  0Á74  1Á54  1Á42  2Á39  1Á29  Ba  118  251  271  487  243  244  290  458  386  La  10Á6  1 Sm  3Á60  3Á05  3Á82  4Á92  4Á25  2Á77  2Á75  1Á62  2Á00  Eu  1Á07  0Á97  1Á02  1Á16  1Á08  0Á85  0Á88  0Á36  0Á36  Gd  3Á61  2Á62  3Á37  4Á66  4Á16  2Á44  2Á71  1Á09  1Á47  Tb  0Á57  0Á41  0Á51  0Á72  0Á64  0Á38  0Á40  0Á19  0Á24  Dy  3Á41  2Á44  3Á00  4Á53  3Á96  2Á34  2Á32  1Á17  1Á45  Ho  0Á71  0Á50  0Á58  0Á91  0Á79  0Á45  0Á46  0Á24  0Á30  Er  1Á91  1Á43  1Á72  2Á61  2Á27  1Á27  1Á33  0Á76  0Á83  Tm  0Á28  0Á21  0Á24  0Á39  0Á33  0Á19  0Á20  0Á12  0Á14  Yb  1Á90  1Á45  1Á72  2Á61  2Á14  1Á31  1Á39  0Á93  1Á02  Lu  0Á25  0Á23  0Á25  0Á36  0Á31  0Á18  0Á16  0Á16  0Á17  Hf  1Á62  1Á61  1Á94  2Á03  1Á58  1Á94  1Á83  2Á98  1Á59  Ta  0Á17  0Á17  0Á16  0Á41  0Á36  0Á18  0Á17  0Á89  0Á31  Pb  3Á81  4Á42  5Á19  8Á86  6Á44  3Á72  4Á38  9Á22  20Á6  Th  1Á45  0Á96  1Á35  4Á72  2Á94  2Á00  2Á21  17Á0 Hf ¼ 0Á282772 (Patchett et al., 2004) ] are used for the calculation.
Carboniferous gneissic granites (Fig. 3a) Pb) i ¼ 38Á35 (Fig. 13a-d) Pb) i ¼ 38Á06-38Á24 (Fig. 13a-d) . Zircons from two cumulate hornblende gabbro samples (11CJ17-1 and 16CJ17-9) yield positive e Hf (t) values of þ5Á5 to þ9Á5 and þ0Á37 to þ6Á95, respectively (Fig. 13e) .
Felsic cumulates
Three cumulate tonalite samples are characterized by high SiO 2 (70Á5-71Á1 wt %) contents (Fig. 9a) and are weakly peraluminous (ASI ¼ 1Á07-1Á09) (Fig. 9d) . These samples have low K 2 O contents (1Á14-1Á77 wt %), straddling the intermediate-K and and low-K boundary ( Fig. 9c) . They show enrichment in LILE, Zr, and Hf, and depletion in middle REE (MREE) and heavy REE (HREE) (Fig. 11c and d) , and display positive Eu anomalies (Eu/ Eu* ¼ 1Á06-1Á26) (Fig. 12b) Pb) i ¼ 38Á01-38Á06 (Fig. 13a-d) . Zircons from the two samples yield e Hf (t) values of þ7Á3 to þ12Á1 (Fig. 13e) .
Non-cumulate hornblende gabbro, gabbro-diorite, diorite and tonalite
The non-cumulate hornblende gabbro, gabbro-diorite, diorite and tonalite samples show a continuous major element compositional range (SiO 2 ¼ 49Á4-64Á8 wt %) (Fig. 9a) , and define a typical calc-alkaline trend in the AFM diagram (Fig. 9b) . These samples mostly plot in the intermediate-K field and are metaluminous with ASI values ranging from 0Á66 to 0Á97 (Fig. 9c and d) . Within the compositional range of these rocks, Mg# (47Á2-62Á4), MgO (2Á34-8Á10 wt %), CaO (5Á03-11Á7 wt %) and Fe 2 O 3T (4Á83-9Á94 wt %) decrease with increasing SiO 2 (Fig. 10) , defining curvilinear or linear trends, whereas TiO 2 (0Á51-1Á07 wt %) and Al 2 O 3 (16Á3-19Á7 wt %) and P 2 O 5 (0Á12-0Á33 wt %) contents increase at low SiO 2 contents and decrease at high SiO 2 contents with a turning point at about 52 wt % and 55 wt % SiO 2 , respectively (Fig. 10) .
All samples exhibit the typical geochemical features of subduction-related magmas, enriched in LREE and LILE, and depleted in HFSE relative to other incompatible elements (Fig. 11e-h ). The (La/Sm) N (1Á12-3Á93) and (La/Yb) N (1Á98-8Á41) ratios increase with increasing SiO 2 , but REE concentrations initially increase and then decrease with increasing SiO 2 relative to sample 11CJ16-1 (SiO 2 ¼ 56Á4 wt %) (Fig. 12c) . The Eu anomaly is poorly developed in the non-cumulate plutonic rocks, and only some diorites with SiO 2 >56 wt % display moderately negative Eu anomalies (Eu/Eu* ¼ 0Á70-0Á79) (Fig. 12b) . The (Dy/Yb) N ratios slightly decrease and the Ni and Cr contents strongly decrease with increasing SiO 2 (Fig. 12a, d and e) . The Sr contents initially Pb) i þ 15Á627 (Hart, 1984) . increase and then decrease (Fig. 12f) , and the Y contents continually decrease with increasing SiO 2 (Fig. 12g) , resulting in one gabbro-diorite, some diorites and all tonalite samples plotting in the adakite field of Defant & Drummond (1990) (Fig. 9e) .
These samples exhibit a narrow range of whole-rock Sr-Nd-Hf isotopic compositions, with initial 87 Sr/ 86 Sr ratios ranging from 0Á70385 to 0Á70457, e Nd (t) values ranging from þ3Á34 to þ5Á51 and e Hf (t) values ranging from þ9Á63 to þ12Á2 (Fig. 13a and b (Fig. 13c and d) .
Zircons from these samples have similar and varying e Hf (t) values of þ4Á18 to þ15Á4 (Fig. 13e) .
Monzogranitic dikes
Four monzogranitic dike samples have the highest SiO 2 (77Á2-78Á4 wt %) contents of the Cuijiu Igneous Complex (Fig. 9a) . They are high-K calc-alkaline and weakly peraluminous (ASI ¼ 1Á06-1Á09) ( Fig. 9b and d) . These samples have low REE concentrations (Fig. 12c) , are enriched in LREE, LILE, Zr, and Hf, and depleted in MREE, Nb, Ta, P, and Ti ( Fig. 11c and d) , with low (Dy/ Yb) N (0Á72-0Á94) ratios (Fig. 12a) . They display moderately negative Eu anomalies (0Á63-0Á83) (Fig. 12b) and have low Y (6Á72-6Á89 ppm) concentrations (Fig. 12g) , but plot outside the adakite field because of their low Sr abundances (85Á3-201 ppm) (Fig. 9e) . Apart from an abnormal ( 206 Pb/ 204 Pb) i ratio (18Á7 for sample 16CJ14-4) (Fig. 13d) (Fig. 13a-d ).
DISCUSSION
Petrogenesis of non-cumulate plutonic rocks in Cuijiu Igneous Complex Nature of the melt: non-cumulate hornblende gabbro
Both cumulate and non-cumulate hornblende gabbros from the Cuijiu Igneous Complex consist of nearly equal proportions of hornblende and plagioclase without pyroxene. To demonstrate that an individual rock is a cumulate, it would generally have to be shown that the possible cumulus minerals are present in concentrations greater than if they had simply crystallized from their parental liquid without fractionation (Irvine, 1982) . Non-cumulate hornblende gabbros display fine-to medium-grained gabbroic textures with euhedral to mostly subhedral hornblende and plagioclase ( Fig. 4e and f), whereas cumulate hornblende gabbros show medium-to coarse-grained orthocumulate textures with cumulus hornblende and interstitial plagioclase, and locally preserve modal layering (Fig. 4a) . Apatite, titanite and magnetite are fine-grained (<0Á2 mm) and minor in the non-cumulate hornblende gabbros, but show large euhedral to subhedral crystals (0Á5-3Á0 mm) in the cumulate hornblende gabbros ( Fig. 4c and d (Figs 10a and 12d, e) , and are slightly enriched in LREE (Fig. 11e) . In contrast, cumulate hornblende gabbros display relatively low SiO 2 (40Á4-45Á4 wt %), Mg# (48Á3-51Á1), Ni (3Á19-27Á4 ppm) and Cr (0Á90-1Á96 ppm), with high Fe 2 O 3T (12Á1-18Á5 wt %), TiO 2 (1Á16-1Á74 wt %), and P 2 O 5 (0Á17-0Á35 wt %) (Figs 10 and 12d, e), and display convexupward chondrite-normalized REE abundance patterns (Fig. 11a) . These petrographic and geochemical features indicate that the cumulate hornblende gabbros did not simply crystallize from basaltic liquids. They were formed from more evolved liquids through hornblende, Fe-Ti oxide and apatite accumulation, whereas the noncumulate hornblende gabbros approach the liquid compositions of a more primitive basalt, with limited or no preceding crystal accumulation.
For mantle-derived melts, wall-rock assimilation is inevitable during their ascent through the continental crust or their evolution within a crustal magma chamber (Castillo et al., 1999) . The Cuijiu Igneous Complex was intruded within Late Devonian-Early Carboniferous gneissic granites (Fig. 2) . It is therefore necessary to evaluate the influence of wall-rock assimilation on the generation of the non-cumulate hornblende gabbros. Because the Late Devonian-Early Carboniferous gneissic granites have high SiO 2 contents (68Á1-76Á8 wt %) (Fig. 9c) , enriched Sr-Nd isotopic compositions (Fig. 13a) , and zircon e Hf (t) values of -9Á38 to þ0Á77 (Fig. 13e) (Ji et al., 2012; Wu et al., 2013; Dong et al., 2014) , wall-rock assimilation would result in a positive correlation in ( 87 Sr/ 86 Sr)i vs SiO 2 , and negative correlations in e Nd (t) and zircon e Hf (t) vs SiO 2 . The absence of such correlations (Fig. 14a and c) , along with mantle affinities of whole-rock Sr-Nd-Pb-Hf and zircon Hf isotopic compositions (Fig. 13) , indicates that wall-rock assimilation was insignificant in the generation of the non-cumulate hornblende gabbros. In addition, their low Th abundances (0Á57-0Á76 ppm) relative to the Late Devonian-Early Carboniferous gneissic granites (8Á51-99Á1 ppm, Wu et al., 2013; Dong et al., 2014 ) also suggest negligible wall-rock assimilation.
Primary liquids originating from the mantle by volatile-rich flux melting above subduction zones are commonly in equilibrium with at least olivine and orthopyroxene and one or more Ca-and Al-rich phases (clinopyroxene, garnet, spinel, plagioclase) (Mü ntener & Ulmer, 2018). The Cuijiu non-cumulate hornblende gabbros lack olivine and pyroxene, and thus are not mantle-equilibrated primitive basaltic melts and most probably have experienced crystal fractionation of olivine and pyroxene, which is also supported by their relatively low Mg# (57Á5-62Á2) and Cr (44Á3-77Á6 ppm) and Ni (144-239 ppm) contents. Within the compositional range of the non-cumulate hornblende gabbros, Al 2 O 3 and Sr increase with increasing SiO 2 (Figs 10d and 12f) , indicating that plagioclase fractionation was insignificant. Therefore, the negative correlation between CaO and SiO 2 (Fig. 10c) was not caused by plagioclase fractionation but was instead the result of fractionation of another Ca-rich phase; for example, clinopyroxene. Furthermore, the positive correlation between SiO 2 and TiO 2 (Fig. 10g) suggests insignificant fractionation of Fe-Ti oxides and hornblende, both of which incorporate a significant amount of titanium (Nandedkar et al., 2014) . In summary, the non-cumulate hornblende gabbros were most probably formed through olivine and clinopyroxene fractionation from primary mantlederived basaltic magmas. Quantitative modeling indicates that the Ni and Cr concentrations of the non-cumulate hornblende gabbros can be obtained by fractional crystallization of olivine and clinopyroxene in the ratio of 2:1 from primitive magma (Supplementary Data Electronic Appendix Fig. 3) .
The whole-rock geochemistry of the non-cumulate hornblende gabbros is characterized by LILE and LREE enrichment, and HREE depletion ( Fig. 11e and f) , consistent with magmas formed in subduction zones (Pearce, 1983 ) from a mantle wedge modified by hydrous fluids and/or partial melts of subducted sediments (e.g. Hawkesworth et al., 1997; Class et al., 2000) . The latter commonly have high abundances of Th and LREE, whereas the former are characterized by high concentrations of Ba, Rb, Sr, U, K, and Pb (Hawkesworth et al., 1997; Class et al., 2000) . As a result, mafic magmas in present-day arc settings showing high Th/Nb and Th/Yb ratios are commonly interpreted to reflect the addition of melts from subducted sediments (Class et al., 2000) , whereas high Ba/La and Ba/ Th ratios in mafic magma are ascribed to source modifications by a hydrous fluid from the subducted slab or sediment (Elliott et al., 1997; Class et al., 2000) . The high Ba/La ratios (13Á9-15Á9) and Ba/Th ratios (122-185) and relatively low Th/Yb ratios (0Á26-0Á38) and Th/Nb ratios (0Á27-0Á38) of the non-cumulate hornblende gabbros suggest that their mantle source was metasomatized by hydrous fluids rather than subducted sediments.
The whole-rock Sr-Nd-Pb-Hf isotopic compositions of the non-cumulate hornblende gabbros are displaced from those of mid-ocean ridge basalt (MORB) (Fig. 13a-d) , requiring involvement of materials with enriched isotopic compositions in their generation. This is consistent with the zircon e Hf (t) values for a noncumulate hornblende gabbro sample (16CJ14-6) at þ5Á82 to þ11Á0, which are lower than that (þ15Á8) of the depleted mantle (Fig. 14c) . Country-rock contamination of the mantle-derived magmas and sediment-induced metasomatism of their mantle source are unlikely because of the low Th abundances (0Á57-0Á76 ppm) and low Th/Yb ratios (0Á26-0Á38) of the non-cumulate hornblende gabbros, as discussed above. We suggest that subducted sediment-derived hydrous fluids could be the cause of such modification because they are characterized by sediment-like isotopic compositions that can enrich the isotopic compositions of the mantle source (Class et al., 2000) .
Differentiation sequence: gabbro-diorite, diorite and tonalite
The non-cumulate hornblende gabbro, gabbro-diorite, diorite and tonalite samples have a continuous spectrum of compositions, with SiO 2 ranging from 49Á9 to 65Á1 wt % (Fig. 9a) , and define a typical medium-K, calcalkaline trend (Fig. 9b and c) . In addition, they have similar crystallization ages, whole-rock Sr-Nd-Pb-Hf, and zircon Hf isotopic compositions (Fig. 13) , suggesting that they are petrogenetically related. Among the gabbro-diorite samples, sample 16CJ16-1 has the highest P 2 O 5 content (0Á33 wt %) (Fig. 10e) , and REE, Th and U concentrations (Fig. 11e and f) , probably caused by its high apatite abundance. Compared with the other diorite samples with typical values of K 2 O ¼ 1Á10-1Á65 wt %, Th ¼ 1Á09-4Á21 ppm and REE ¼ 55Á8-88Á9 ppm, two diorite samples (11CJ07-1 and 11CJ12-1) have higher K 2 O (1Á77-2Á31 wt %) contents (Fig. 9c) , and Th (4Á72-10Á6 ppm) and REE (107-112 ppm) abundances (Figs 11h and 12c) . The distinctive geochemical composition of these two samples could result from different degree of partial melting or heterogeneity in their mantle sources, or minor assimilation of wall-rocks with values of K 2 O ¼ 3Á26-6Á89 wt %, Th ¼ 10Á8-99Á5 ppm, REE ¼ 106-726 ppm (Wu et al., 2013) . Although minor wall-rock assimilation might be involved in the differentiation sequence, the whole-rock Sr-Nd-Pb-Hf and zircon Hf isotopic compositions, which are independent of SiO 2 (Fig. 14) , preclude the possibility that wall-rock assimilation played an important role in their evolution. These rocks thus can be produced by (1) fractional crystallization of cogenetic mantle-derived basaltic magmas (Nandedkar et al., 2014; Keller et al., 2015) , or (2) magma mixing between isotopically similar mantle-derived basaltic magmas and felsic magmas (Anderson, 1976) , which can be generated by either low-degree partial melting of pre-existing crust or advanced fractionation from mantlederived magmas.
Mixing of basaltic and felsic magmas invariably generates linear arrays in elemental variation diagrams (Keller et al., 2015) , and commonly results in disequilibrium textures and mineral compositions in intermediate rocks (Eichelberger, 1978) . This is not the case here, where (1) disequilibrium textures and mineral composition zonations are absent; (2) the compositional range of plagioclase is continuous (Fig. 8d) ; (3) MgO defines a curvilinear trend with SiO 2 (Fig. 10b) (Figs 10 and 12) , indicate fractional crystallization from basaltic magmas with geochemical and isotopic compositions similar to the non-cumulate hornblende gabbros, from which we conclude that the role of magma mixing was negligible.
The abundance of hornblende gradually decreases from the non-cumulate hornblende gabbro, towards gabbro-diorite, diorite and tonalite (Table 1) , indicating dominant hornblende fractionation. This is supported by (Dy/Yb) N ratios and Y concentrations that decrease with increasing SiO 2 (Fig. 12a and g ), as hornblende preferentially incorporates MREE compared with HREE (e.g. Tiepolo et al., 2007) . The negative correlation of Fe 2 O 3T and TiO 2 with SiO 2 (Fig. 10f and g ) implies that Fe-Ti oxide fractionation was also an important process in the evolution of the gabbro-diorite, diorite and tonalite. Several observations suggest that plagioclase was not involved in the early evolution, but became important in the late magmatic evolution. Al 2 O 3 and Sr increase at low SiO 2 and then decrease at high SiO 2 with a turning point at about 55 wt % SiO 2 (Figs 10d and 12f) . Rocks with SiO 2 <56 wt % exhibit weak or no Eu anomalies, whereas some diorites with >56 wt % SiO 2 exhibit moderately negative Eu anomalies (Fig. 12b) . Accessory apatite plays an important role in controlling the P 2 O 5 content of hydrous arc magmas and has an especially high partition coefficient for REE (e.g. Bea, 1996; Lee & Bachmann, 2014) . The P 2 O 5 and REE contents of the Cuijiu non-cumulate plutonic rocks initially increase and then decrease with increasing SiO 2 ( Figs  10e and 12c) , thus suggesting the late saturation of apatite (Castillo et al., 1999; Lee & Bachmann, 2014) . Combined with the early fractionation of olivine and clinopyroxene in the formation of the non-cumulate hornblende gabbros as discussed above, the mineral crystallization sequence can be inferred as follows: olivine ! clinopyroxene ! hornblende þ accessory phases ! plagioclase; K, Rb and Ba are relatively incompatible in these minerals, and thus continually increase with increasing SiO 2 (Figs 9c and 12h, i) .
It should be noted that one gabbro-diorite (16CJ14-6), some diorites and all tonalite samples are characterized by high Sr/Y ratios and low Y concentrations, and plot within the adakite field in Fig. 9e . The term 'adakite' was first proposed by Defant & Drummond (1990) , following Kay (1978) , to describe an unusual type of andesite that originated from partial melting of subducted oceanic crust. However, subsequent experimental and geochemical studies have suggested that rocks with adakitic geochemical signatures can be produced by a number of other processes, including partial melting of foundered lower crust or thickened lower crust (Sen & Dunn, 1994) , or high-to intermediate-pressure fractionation of hydrous magmas (Castillo et al., 1999; Macpherson et al., 2006) . The adakite-like signatures of the Cuijiu non-cumulate plutonic rocks (high Sr/Y values) cannot be attributed to partial melting of subducted oceanic crust, thickened lower crust or foundered lower crust, because these processes should have resulted in adakite-like signatures for all diorites and not just some of them. Instead, their spatial, temporal and geochemical relationships with the non-cumulate hornblende gabbros indicate that they were more probably formed through crystal fractionation of hornblende and apatite within an evolving mantle-derived hydrous basaltic magma as discussed above. Many studies have suggested that, in addition to large volumes of hornblende, small quantities of garnet are also required to fractionate from hydrous arc magmas to produce adakitic melts (e.g. Rodríguez et al., 2007) . Garnet preferentially incorporates HREE relative to LREE, and thus removal of garnet would result in increasing (Dy/Yb) N with increasing SiO 2 (Macpherson et al., 2006) . This is inconsistent with our data, which show a decrease in (Dy/Yb) N with differentiation (Fig. 12a) . We conclude that fractionation of hornblende and apatite would remove Y from the residual melts, whereas the delay of plagioclase fractionation would keep Sr in the melt. Combined they could lead to the adakitic signatures in the Cuijiu complex, without invoking slab melting or involvement of garnet (see also Castillo et al., 1999; Dessimoz et al., 2012; Reichardt & Weinberg, 2012) .
Monzogranitic dikes: last differentiates that assimilated country rocks
Monzogranitic dikes (SiO 2 ¼ 77Á0-77Á6 wt %), the most evolved magmatic rocks exposed in the Cuijiu Igneous Complex, are high-K calc-alkaline, weakly peraluminous (ASI ¼ 1Á06-1Á09) rocks ( Fig. 9c and d) . They define fractional crystallization trends on many element variation diagrams together with the other non-cumulate plutonic rocks (Figs 10 and 12 ), indicating that they might represent the felsic extension of the liquid line of descent (LLD) of the non-cumulate hornblende gabbros. This is consistent with the development of coeval ultramaficmafic and felsic cumulates in the study area.
Monzogranite dike sample 16CJ09-1 contains zircon xenocrysts that have been dated at $360 Ma (Fig. 7c) , consistent with the crystallization age of the Cuijiu Igneous Complex wall-rocks (341-371 Ma, Late Devonian-Early Carboniferous gneissic granites; Ji et al., 2012; Wu et al., 2013; Dong et al., 2014) . The monzogranite dikes have whole-rock Sr-Nd-Hf isotopic compositions that are too depleted to be derived from partial melting of the metamorphosed wall-rocks, which have enriched isotopic compositions [( 87 Sr/ 86 Sr) i ¼ 0Á71372, e Nd (t) ¼ À7Á86, average zircon e Hf (t) ¼ À7Á35; Fig. 13a, b and d] . Therefore, the zircons in the monzogranitic dikes must be xenocrysts derived from wallrocks assimilated during magma ascent. Quantitative modeling using a cumulate tonalite sample considered to be an uncontaminated felsic melt [sample 16CJ09-2; ( 87 Sr/ 86 Sr) i ¼ 0Á70396, eNd(t) ¼ þ5Á65, eHf(t) ¼ þ14Á3] indicate that the whole-rock Sr-Nd-Hf compositions of the monzogranitic dikes can readily be interpreted to reflect 10-20% wall-rock assimilation ( Fig. 13a and b) .
Despite wall-rock assimilation, the whole-rock compositions of the monzogranitic dikes largely preserve information that traces fractionation. Like the other noncumulate rocks, the monzogranite dikes also provide evidence for hornblende, plagioclase and apatite fractionation, indicated by their low REE concentrations (Fig. 12c) , spoon-shaped chondrite-normalized REE patterns (Fig. 11c) (Dessimoz et al., 2012) , and moderately negative Eu anomalies (Eu/Eu* ¼ 0Á63-0Á83) (Fig. 12b) . Compared with the derivative felsic melts with the same SiO 2 contents (77-78 wt %) inferred from differentiation trends of the other non-cumulate plutonic rocks, the monzogranitic dikes have higher K 2 O (3Á96-5Á32 wt %) and lower Na 2 O (2Á60-2Á90 wt %) (Figs 9c and 10h) , requiring the late loss of Ab-rich plagioclase rather than K-feldspar. The extreme enrichment of Rb and Ba ( Fig. 12h and i) in the monzogranitic dikes, both of which are mostly accommodated in biotite and K-feldspar, also supports the inference that K-feldspar fractionation was not significant. Owing to the extreme hornblende, apatite and plagioclase fractionation, the monzogranitic dikes have extremely low Y (5Á11-9Á44 ppm) and low Sr (85Á3-201 ppm) concentrations ( Fig. 12f and g ), and thus do not show adakitic geochemical signatures (Fig. 9e) . In summary, the monzogranitic dikes can be explained by extreme fractional crystallization from similar basaltic magmas to those that formed the non-cumulate hornblende gabbros, accompanied by 10-20% wall-rock assimilation.
Relation of cumulates to the non-cumulate plutonic rocks Ultramafic-mafic cumulates Clinopyroxene hornblendite, hornblendite and cumulate hornblende gabbro (the cumulate suite) have the lowest SiO 2 (40Á4-47Á4 wt %) contents of the Cuijiu Igneous Complex (Fig. 9a) . Preservation of cumulate textures, such as poikilitic hornblende enclosing clinopyroxene (Fig. 3b) , euhedral hornblende surrounded by interstitial plagioclase and local modal layering, indicate their cumulate origin (Figs 3c-f and 4a-d) (Irvine, 1982; Dessimoz et al., 2012) . This is also supported by their positive correlation of SiO 2 and Mg# (Fig. 10a) , which is difficult to explain by partial melting and must probably be a result of cumulative processes (Wolf & Wyllie, 1994) .
The cumulate suite rocks have similar whole-rock isotopic compositions (Fig. 14) , suggesting that they may constitute the cumulate line of descent (CLD) of a common primitive melt. The clinopyroxene hornblendites lacking plagioclase (Fig. 3b) have the highest contents of MgO, SiO 2 and CaO in the suite (Fig. 10) , the lowest concentrations of REE (Fig. 12c) , and the highest concentrations of compatible elements (such as Cr and Ni) (Fig. 12d and e) , indicating that they crystallized from a less evolved melt than the rest of the suite. If the exchange coefficient K D Fe/Mg between mineral and equilibrated melt is 0Á28 for clinopyroxene (Putirka, 2008) , the Mg# values of the melts in equilibrium with clinopyroxene (Mg# ¼ 83Á6-85Á2) in the clinopyroxene hornblendites (16CJ17-1 and 16CJ17-4) are estimated to be 58Á8-64Á1, which is similar to that of the Cuijiu noncumulate hornblende gabbros (Mg# ¼ 57Á5-62Á2).
All ultramafic-mafic cumulates are enriched in MREE compared with LREE and HREE with high (Dy/Yb) N ratios (Figs 11a and 12a) , indicating the accumulation of hornblende (Dessimoz et al., 2012) . Hornblende enclosing anhedral clinopyroxene in clinopyroxene hornblendites reflects the reaction of clinopyroxene þ melt ! hornblende ( Fig. 3b ; Smith, 2014) , whereas the hornblende in hornblendites and hornblende gabbros is euhedral (Figs 3c-f and 4a, b), suggesting that it crystallized directly from a melt (Smith, 2014) . All ultramafic-mafic cumulates have high Fe 2 O 3T and TiO 2 contents ( Fig. 10f and g ), which are related to accumulation of Fe-Ti oxides. The Fe-Ti oxides first appear in clinopyroxene hornblendites, where they are interstitial to hornblende and clinopyroxene (Fig. 3b) . Therefore, the Fe-Ti oxides crystallized after these minerals. The clinopyroxene hornblendites lack plagioclase and have low Al 2 O 3 contents (Fig. 10d) , indicating that hornblende crystallized before plagioclase. Hornblendites and cumulate hornblende gabbros preserve orthocumulate textures with variable proportions of plagioclase as an interstitial phase (8-50%) (Figs 3c-f and 4a, b) , and have high Al 2 O 3 contents (Fig. 10d) , further suggesting that plagioclase crystallized after hornblende and was the last crystallizing phase. Minor euhedral to subhedral apatite and titanite appear in the ultramaficmafic cumulates, together with Fe-Ti oxides, consistent with the high P 2 O 5 contents and REE concentrations in some of these rocks (Figs 10e and 12c) . Thus, the crystallization sequence starts with clinopyroxene, followed by hornblende and accessory phases, and ending with the latter, which were accompanied by the crystallization of plagioclase. This sequence accounts for the formation of the cumulate suite and is consistent with the crystallization sequence inferred from the non-cumulate rocks.
The ultramafic-mafic cumulates are iron-enriched and silica-depleted ( Fig. 9a and b) , whereas the noncumulate rock sequence defines a calc-alkaline trend with silica enrichment and iron depletion (Fig. 9a and  b) . On the basis of their contemporaneous emplacement (c. 200 Ma), consistent mineral crystallization sequence (olivine ! clinopyroxene ! hornblende þ accessory phases ! plagioclase) and similar wholerock isotopic compositions (Fig. 14) , we conclude the ultramafic-mafic cumulates and non-cumulate sequence are complementary, and represent the CLD and LLD of common, mantle-derived basaltic magmas, respectively. According to the inferred early olivine and clinopyroxene fractionation, more primitive ultramafic cumulates (such as dunites and pyroxenites) may have been formed.
With the exception of the clinopyroxene hornblendite sample 16CJ17-2, which has the most enriched whole-rock Sr-Nd-Pb-Hf isotopic composition among cumulates (Figs 13a-d and 14a-c) , the other ultramaficmafic cumulates show similar whole-rock Sr-Pb isotopic compositions to the non-cumulate sequence (Figs 13  and 14) , but with more enriched whole-rock Hf isotopic compositions (Fig. 14c) . The zircon e Hf (t) values of the cumulate hornblende gabbros show a wide range (þ0Á36 to þ9Á48) and cover a lower range than those of the non-cumulate rocks (þ4Á18 to þ15Á4) (Fig. 14c) . Furthermore, the whole-rock Nd isotopic compositions of the ultramafic-mafic cumulates [e Nd (t) ¼ þ3Á41 to þ3Á96, excluding sample 16CJ17-2] overlap with the most enriched samples of the non-cumulate rocks [e Nd (t) ¼ þ3Á34 to þ3Á89] (Fig. 14b) . Because Nd-Hf isotope compositions are more stable than Sr-Pb isotopes during weathering and erosion, and tend to better record genetic information, we infer that the ultramaficmafic cumulates have more enriched isotopic compositions compared with the non-cumulate rocks. This suggests that the non-cumulate and ultramafic-mafic cumulates might be derived from different magma batches, so that the ultramafic-mafic cumulates were formed from a more isotopically evolved magma. However, all the ultramafic-mafic cumulates were collected from the margin of the Cuijiu Igneous Complex (Fig. 2b) , and sample 16CJ17-2 was collected near its contact with the Late Devonian-Early Carboniferous gneissic granites (Fig. 3a) . Therefore, minor wall-rock assimilation is considered to have been involved in the generation of the ultramafic-mafic cumulates. Taking the non-cumulate hornblende gabbro sample (11CJ13-1) as an uncontaminated cumulate, quantitative modeling indicates that the whole-rock Nd-Hf isotopic compositions of sample 16CJ17-2 and the other ultramaficmafic cumulates could be interpreted to reflect assimilation of 15% and 6-9% wall-rock, respectively (Fig. 13b) .
Felsic cumulates and how they relate to the monzogranitic dikes
Many studies have suggested that felsic melts can experience crystal-liquid separation to form high-silica (>70 wt %) granites (HSG) (Bachmann & Bergantz, 2004; Hildreth, 2004; Deering & Bachmann, 2010; Gelman et al., 2014; Lee & Morton, 2015; Wolff, 2017; Fiedrich et al., 2017; Schaen et al., 2017 Schaen et al., , 2018 , and the complementary cumulates are disguised as felsic plutons with various proportions of crystals and trapped felsic melt, making them geochemically difficult to distinguish from true felsic melts. The cumulate tonalites (SiO 2 ¼ 71-72 wt %) in this study develop local modal layering and are mostly moderately foliated with bent plagioclase grains (Figs 5d and 15) . Based on the lack of deformation microstructures in the other lithologies within the complex, the magmatic foliation and intracrystalline deformation of plagioclase should have taken place under suprasolidus conditions (Fiedrich et al., 2017) . Geochemically, the weakly peraluminous cumulate tonalites have low K 2 O (1Á14-1Á77 wt %) contents and exhibit enrichment in Zr and Hf on primitivemantle-normalized trace element diagrams (Fig. 11d) . These features, together with the presence of a touching framework of plagioclase crystals (Fig. 5c) , indicate the cumulate nature of the tonalites and that they are not true melts, having lost interstitial liquid (Weinberg, 2006; Fiedrich et al., 2017) . All orthoclase and quartz, plus 10% of the plagioclase (including fine-grained anhedral plagioclase in the interstitial matrix and the narrow Ab-rich rims of cumulus plagioclase crystals), are considered as trapped liquid, which amounts to $43% in the tonalite sample 11CJ11-1 (Fig. 15) .
Although preservation of zircon xenocrysts in cumulate tonalite sample 16CJ09-2 provides evidence of wall-rock assimilation (Fig. 7d) , the cumulate tonalites show similar whole-rock Sr-Nd-Pb-Hf and zircon Hf isotopic compositions and a similar 200 Ma zircon age to the non-cumulate sequence (Figs 13 and 14) , indicating that the two are related and that wall-rock assimilation was minor. Considering the development of large volumes of coeval hornblende-rich cumulates, the cumulate tonalites most probably crystallized from felsic parent magmas that formed through fractional crystallization from the non-cumulate hornblende gabbro parent magma. This is further supported by the fractional crystallization trends on many major element variation diagrams defined by the cumulate tonalites and noncumulate suite (Figs 10 and 12) .
The cumulate tonalites contain abundant Ab-rich plagioclase (Figs 8d and 15) . This is consistent with their positive Eu anomalies (1Á06-1Á26), and their lower K 2 O, Ba and Rb, and higher Sr and Na 2 O contents (Figs 9, 10 and 12) than those representing melts with the same SiO 2 contents (70-71 wt %) inferred from the differentiation trends of the non-cumulate plutonic rocks. Conversely, we have seen above that the coeval monzogranitic dikes resulted from the removal of Ab-rich plagioclase, from which we infer that the monzogranitic dikes and cumulate tonalites are complementary and formed from similar felsic parent melts. Their similar concentrations of HREE, Cr, Ni and Y (Fig. 11) , all of which are incompatible in their dominant minerals (quartz, plagioclase and K-feldspar), and partially overlap in plagioclase compositions (Fig. 8d) , also reflect the compositional similarities of their parent magmas.
Conditions of arc magma differentiation H 2 O content and oxygen fugacity
The widespread presence of hornblende and the suppression of plagioclase crystallization in the Cuijiu Igneous Complex indicate water contents in its primitive basaltic magmas above 3 wt % (Sisson & Grove, 1993; Mü ntener et al., 2001) , as expected for arc magmas (for a review, see Grove et al., 2012) . Ridolfi et al. (2010) have presented calibrations for calculating temperature, pressure, fO 2 and melt H 2 O content from experimental and natural amphibole that is formed in calc-alkaline magmas. Erdmann et al. (2014) tested these calibrations with other experimental amphibole compositions and concluded that the temperature and fO 2 estimates appear reasonable. Here, we calculated oxygen fugacity for the Cuijiu Igneous Complex using the calibrations for amphiboles (Ridolfi et al., 2010) (Supplementary Data Electronic Appendix 3), whose chemical formulae are calculated on the basis of 15 cations (Leake et al., 1997) . The estimated crystallization oxygen fugacities of different lithologies are similar and range from NNO þ 0Á1 to NNO þ 1Á7 (mainly around NNO þ 1Á0, where NNO is nickel-nickel oxide buffer) (Fig. 16a ).
Pressure and temperature
Geochemical compositions and mineral phases can be used to qualitatively constrain a maximum or minimum pressure of emplacement. Experiment data indicate that magmatic garnet is stable at pressure exceeding 10-12 kbar and crystallizes following pyroxene or hornblende in hydrous basaltic systems (Mü ntener et al., 2001; Alonso-Perez et al., 2009; Ulmer et al., 2018) . In addition, fractionation of magmatic garnet at depth would result in a positive correlation between (Dy/Yb) N ratio and SiO 2 content in the intermediate-felsic melts (Macpherson et al., 2006; Tang et al., 2018) . This is not the case for the Cuijiu non-cumulate suite, which shows slightly decreasing (Dy/Yb) N ratios with increasing SiO 2 (Fig. 12a) ; also, garnet is absent in the Cuijiu Igneous Complex, especially in the clinopyroxene hornblendites (Fig. 3b) . On the other hand, the occurrence of magmatic epidote indicates a minimum crystallization pressure of 5-6 kbar (for a review, see Schmidt & Poli 2004 ) for a diorite (11CJ10-1) and a tonalite (11CJ14-2) sample ( Fig. 6f and g ). Therefore, the crystallization of the ultramafic-mafic cumulates and some non-cumulate plutonic rocks should have occurred between 10 and 5 kbar.
Amphibole can be utilized to calculate magmatic crystallization pressure. Because of the lack of appropriate mineral assemblages (i.e. hornblende þ biotite þ plagioclase þ quartz þ orthoclase þ titanite þ ilmenite/ magnetite) required for Al-in-hornblende barometry (Johnson & Rutherford, 1989; Schmidt, 1992) , we chose an empirical geobarometer that is based on correlation between pressure and the Al VI content of igneous hornblendes . Temperature was also calculated using the calibrations in Ridolfi et al. (2010) for the stability of amphibole in calc-alkaline rocks (Supplementary Data Electronic Appendix 3). The estimated pressure varies systematically from highest pressures for the ultramafic-mafic cumulates, between 5Á2 and 10 kbar, with Cpx hornblendites at the lower end, and lowest pressures for the non-cumulate rocks typically around 4 kbar, except for the diorite and tonalite samples, which contain magmatic epidote and concentrate at values around 5Á5-6 kbar (Fig. 16b) . The estimated crystallization temperatures of hornblende in the ultramafic-mafic cumulates are all similar, and are lower in the non-cumulate suite, where they decrease from the non-cumulate hornblende gabbro, to gabbrodiorite, diorite and then to tonalite (Fig. 16b) . Although the calculated pressures refer to the crystallization pressure of amphibole, they approximate the crystallization , Quxu hornblende gabbros (Meng et al., 2016; Ma et al., 2018) , Xiongcun diorites (Xu et al., 2017a) and Xiangmu tonalites (Shui et al., 2016) . The locations of these plutons are shown in Fig. 1b . The temperature and fO 2 values were calculated using the formulation of Ridolfi et al. (2010) , and the pressure was calculated using an extended calibration of the Larocque & Canil (2010) barometer published by Krawczynski et al. (2012) . Pressure (kbar) was converted to depth (km) using a regression fit based on PREM (Anderson, 1989) 
. Oxygen buffer curves: MH, magnetite-hematite; NNO, nickel-nickel oxide; FMQ, fayalite-magnetite-quartz; IW, iron-wü stite.
pressure of the entire rock for the following reasons: (1) cumulus crystals in ultramafic-mafic cumulates generally accumulate by either crystal settling or in situ crystallization on the floor, walls, or roof of magma chambers (Hunter, 1996) , and thus the calculated pressures are equal to or lower than the crystallization pressures of the ultramafic-mafic cumulates; (2) for the diorite (11CJ10-1) and tonalite (11CJ14-2) samples, the crystallization pressures (5Á5-6 kbar) of amphiboles coincide with those inferred from the presence of magmatic epidote; (3) amphiboles in the non-cumulate plutonic rocks mostly crystallized at lower pressures (2Á5-4 kbar) than those in the ultramafic-mafic cumulates, indicating they crystallized as a late phase, which is also supported by their low crystallization temperatures. Although the monzogranitic dikes and complementary cumulate tonalites lack hornblende to calculate crystallization pressure, it is inferred that they crystallized at about 4 kbar, according to the cross-cutting relationships between the monzogranitic dike sample (16CJ14-4) and the diorite sample (11CJ09-1) ( Fig. 6a  and b) .
Therefore, we suggest a two-step differentiation history for the Cuijiu Igneous Complex. In the first step, evolved basaltic to dacitic melts were formed from hydrous, primary basaltic melts, through hornblendedominated fractional crystallization and minor wall-rock assimilation in the lower to middle crust, at pressures below those that stabilize garnet. This process would have left behind abundant ultramafic-mafic cumulates. In the second step, the evolved andesitic to dacitic melts produced in the first step underwent their own plagioclase-dominated fractionation at $4 kbar to form the highly evolved monzogranitic dikes (SiO 2 ¼ 77-78 wt %) that were extracted from the cumulate tonalites. To assess how much crystallization would be required to generate the monzogranitic dikes, we applied the least-squares mass-balance model of Cabero et al. (2012) . We used the three dioritic to tonalitic samples (11CJ14-3, 11CJ05-1 and 16CJ05-1) as parent melts, and the minerals in the cumulate tonalite (11CJ11-1) and a cumulate hornblende gabbro (11CJ17-1) as the possible crystallized mineral assemblage. The modelling excludes K 2 O because of the influence of wall-rock assimilation. About 52-72% crystallization of those parent melts generated melts that are a good match with the average composition of the most evolved high-K monzogranitic dikes (Supplementary Data Electronic Appendix 5; Fig. 17 ). Fractional crystallization experiments by Nandedkar et al. (2014) have evaluated magma evolution starting from a nearprimary, hydrous basaltic magma composition at conditions similar to those inferred for the Cuijiu Igneous Complex (see below). These experiments have shown that the parent melts used above (the three dioritic to tonalitic samples) can be obtained by 58-68% crystallization (Fig. 17) . The degree of fractional crystallization in each step is on par with the crystallinity window (50-70% crystals) (Fig. 17) , within which crystal-liquid separation is most efficient, as predicted by thermomechanical models (Dufek & Bachmann, 2010; Deering et al., 2011) .
The fact that all these different rock types are found in close proximity implies that there was a relative exhumation between different parts of the system during their crystallization, leading to pressure telescoping. We envisage that the processes of fractionation continued over a few million years, during which relative pressure changes between the different parts of the system occurred, owing to contemporaneous exhumation or burial of the complex. Increased precision on the age determinations would allow us to tell the age difference between the felsic, shallower rocks and the deeper mafic cumulates, from which we could infer whether the exposed rocks were being buried or exhumed during the build-up of the complex.
Comparison with fractional crystallization experiments
Recent fractional crystallization experiments performed at different pressures simulating potential conditions of magma emplacement in active margin settings (Alonso-Perez et al., 2009; Nandedkar, 2013; Nandedkar et al., 2014; Ulmer et al., 2018) provide an opportunity to test the crystal fractionation model as well as the conditions of magmatic differentiation in the Cuijiu Igneous Complex. The experiment performed on a nearprimary, hydrous (3 wt % H 2 O), mantle-derived olivinetholeiite dike (Hü rlimann et al., 2016) at 7 kbar, close to the NNO oxygen buffer (Nandedkar et al., 2014) , was chosen for comparison. The starting material in the experiment has a similar whole-rock major element composition to the non-cumulate hornblende gabbros In contrast to the Cuijiu Complex, the experimental cumulates are more complete with lithologies ranging from dunite to tonalite (Nandedkar et al., 2014) , and the experimental liquids show a similar compositional range (SiO 2 ¼ 49Á6-78Á2 wt %) (Fig. 10) . Although the compositions of the ultramafic-mafic cumulates within the complex are well reproduced by the experiment (Figs 9 and 10) , the natural ones have higher Fe 2 O 3T and P 2 O 5 ( Fig. 10e and f) , and lower K 2 O contents (Fig. 9c) , which can be attributed to selective magnetite þ apatite accumulation and trapped interstitial melt in the natural rocks. The cumulate tonalites of the complex generally mimic the experimental cumulate tonalite (Figs 9 and 10), but have higher Na 2 O contents (Fig. 10h) , indicating more Na-rich plagioclase accumulation. This is complemented by the most evolved monzogranitic dikes, which have higher K 2 O and lower Na 2 O contents compared with experimental concentrations (Figs 9 and 10) . The other non-cumulate plutonic rocks within the complex correlate well with the experimental liquid (Figs 9 and 10). In addition, the onset of apatite saturation, marked by the change in the slope in Fig. 10e , takes place at a significantly lower SiO 2 content ($56 wt %) in the complex compared with the experiments ($68 wt % SiO 2 ).
To better evaluate the differences between the major element trends in the complex and experiments at 7 kbar, the geochemical compositions of the complex were recalculated into mineral end-member components (olivine, silica, clinopyroxene, plagioclase, Fe-Ti-Cr oxide, K-feldspar) following the method of Grove et al. (1992) , and then the mineral end-member components were projected onto the ternary diagrams illustrated in Fig. 18 . Ultramafic-mafic cumulates from the complex plot mostly in the nepheline-normative field close to the Ol-Cpx join (Fig. 18a) and generate a straight array extending from Cpx to Pl (Fig. 18b) , whereas the cumulate tonalites plot in the corundumnormative field (Fig. 18a) , generally mimicking the experimental cumulates. The non-cumulate plutonic rocks evolve from quartz-saturated to quartz-oversaturated (Fig. 18a) , and follow rather closely the experimentally derived liquid line of descent (Fig. 18) . However, all gabbro-diorite and some diorite samples have higher normative clinopyroxene contents compared with the experimental liquid (Fig. 18a) , indicating a higher differentiation pressure (Nandedkar, 2013) .
In summary, the Cuijiu Igneous Complex shows excellent agreement with the experimental data obtained at 7 kbar in major element trends, supporting the conclusion that it was formed through fractional crystallization of primitive mantle-derived basaltic magmas. A few discrepancies point to a slight difference in pressure and might reflect the variety in pressures recorded above. Compared with the experimental felsic liquids and cumulates, the monzogranitic dikes and cumulate tonalites within the complex record the fractionation of a more Ab-rich plagioclase. This could be a result of the second differentiation of the felsic melts at 3-4 kbar as inferred above, instead of 7 kbar for the experiments. The deviation of the gabbro-diorite and some diorite samples of the complex from the experimental liquid in the Ol-Cpx-Qtz pseudoternary projection can be attributed to a higher differentiation pressure (Nandedkar, 2013). This is also supported by the differences in the relative crystallization order of plagioclase and hornblende between the complex and the experiments. In the experiments, hornblende crystallized after plagioclase (Nandedkar et al., 2014) , whereas hornblende crystallized before plagioclase in the complex, and first appeared through clinopyroxene þ melt reaction, consistent with the results of fractional crystallization experiments at 10 kbar . Thus, comparison with experiments closely matches not only the general fractionation trends, but is also consistent with inferred pressure variations recorded by the evolving melts of the Cuijiu Igneous Complex.
Constructing the Early Mesozoic (237-170 Ma) Gangdese crust An AFC model for the Early Mesozoic Gangdese Arc magmatism
The continental crust, chemically stratified into a felsic upper crust and a mafic lower crust, has a bulk composition ranging from andesite to dacite (SiO 2 ¼ 60Á6 wt %, Rudnick & Gao, 2003 ; SiO 2 ¼ 65Á2 wt %, Hacker et al., 2011) and is widely acknowledged to be formed through arc magmatism (Taylor & McLennan, 1985; Rudnick & Gao, 2003) . However, most mantle-derived melts are basaltic (Kelemen et al., 2003) . This discrepancy means that the basaltic parent material must be differentiated into felsic and complementary ultramafic-mafic compositions (Lee et al., 2006) , and the latter need to be eventually removed from the continental crust; for example, through lower crust delamination (e.g. Kay & Kay, 1993) . Although a large number of geophysical and geochemical observations have found evidence for delamination (e.g. Zandt et al., 2004; Ducea et al., 2015) , the dominant processes of differentiation are still highly debated (Keller et al., 2015; Chapman et al., 2016) .
The 800 km Early Mesozoic (220-170 Ma) Gangdese Batholith (including the Cuijiu Igneous Complex in this study; Fig. 1b ) (see Supplementary Data Electronic Appendix 1) is widely accepted as a typical product of continental arc magmas, although two different subduction-related models have been proposed (Chu et al., 2006; Ji et al., 2009; Zhu et al., 2011a Zhu et al., , 2013 . Coeval volcanic rocks (237-170 Ma) are also locally documented in the eastern and western segments of the southern Lhasa subterrane (Fig. 1b) (Supplementary Data Electronic Appendix 1). The plutonic and volcanic rocks broadly span a similar range of whole-rock compositions (SiO 2 ¼ 45-85 wt %), and show a bimodal compositional distribution with minor intermediate compositions ( Fig. 19a and b) . Most 237-170 Ma magmatic rocks have positive zircon Hf and depleted whole-rock Sr-Nd-Pb isotopic compositions (Fig. 13a) Sr (>0Á706) and high e Nd (t) (þ1 to þ6) (Fig. 13a) . The latter are related to alteration (Zhu et al., 2008; Wang et al., 2016) . The former may be due to over-correction of the initial 87 Sr/ 86 Sr because of high Rb/Sr and uncertainties in the age (Jahn, 2004) . These features, along with minor outcrops of mafic plutonic rocks and the absence of ultramafic-mafic cumulates, have led to most researchers agreeing that the felsic rocks were formed through partial melting of pre-existing juvenile lower crust, and the intermediate rocks were the results of magma mixing between mantle-derived basaltic magmas and crust-derived felsic magmas (e.g. Zhu et al., 2008; Guo et al., 2013; Wang et al., 2017) .
The c. 200 Ma Cuijiu Igneous Complex has been demonstrated to have been formed through fractional crystallization of mantle-derived hydrous basaltic magmas. We compiled the published whole-rock geochemical data for the 237-170 Ma magmatic rocks (393 samples) from the batholith in Fig. 19 , together with those from the Cuijiu Complex. With increasing SiO 2 , both the plutonic and volcanic rocks show a kink in P 2 O 5 contents and continually decreasing (Dy/Yb) N ratios, overlapping with those of the non-cumulate plutonic rocks from the Cuijiu Complex ( Fig. 19c and d ). These observations have two direct implications: (1) they indicate that hornblende-dominated fractional crystallization without garnet involvement explains the main features of the rocks and their geochemistry (Davidson et al., 2007; Lee & Morton, 2015) ; (2) fractional crystallization rather than the 'partial melting followed by magma mixing' model was the main magmatic process controlling the 237-170 Ma magmatism.
In addition, the magmatic rocks located nearer the central Lhasa subterrane, which has a Proterozoic to Archaean basement, show more enriched zircon Hf and whole-rock Nd isotopic compositions than the other magmatic rocks (Fig. 19e and f) . These trends are considered to reflect minor involvement of older crustal materials in their formation.
Based on the above arguments and the two-step fractionation history of the Cuijiu Igneous Complex, we adopt an evolved AFC model (DePaolo, 1981; Dufek & Bachmann, 2010; Deering et al., 2011) to explain the formation of the 237-170 Ma magmatic arc in the southern Lhasa subterrane (Fig. 20a) . The descending oceanic slab and associated sediments dehydrated and released hydrous fluids, enriched in incompatible elements, into the mantle wedge, triggering melting of mantle peridotite (Elliott et al., 1997) . Partial melting of this metasomatized mantle wedge generated primitive, hydrous basaltic magmas, which intruded the lower crust where they underwent intermediate-pressure fractional crystallization (<10 kbar). This was accompanied by minor wall-rock assimilation and produced, after 50-70% crystallization, evolved andesitic to dacitic liquids and complementary ultramafic-mafic cumulates (Fig. 17 ) (Nandedkar et al., 2014) . The andesitic to dacitic liquids extracted from crustal magma reservoirs either erupted at the surface to form abundant andesite lava flows (Fig. 19b) or were trapped in the middle to upper crust to form crystal mushes. These mushes, with intermediate compositions, either would eventually freeze to form diorite and tonalite plutons, or would further fractionate and assimilate minor volumes of wall-rock, to form high-silica rhyolitic liquids and complementary cumulates after 50-70% crystallization (Fig. 17) . Like the andesitic liquids, the high-silica rhyolitic liquids were extracted from their mush source and also erupted at the surface to form voluminous rhyolites (Fig. 19b) . Consequently, the plutonic rocks left in the crust also exhibit significant peaks at low ($50 wt % SiO 2 ) and high silica contents (65-70 wt % SiO 2 ), with limited intermediate compositions (Fig. 19b) . Comparison shows that the plutonic rocks are less evolved than their volcanic counterparts (Fig. 19b) , implying that they might reflect minor accumulation and loss of interstitial melt (Bachmann et al., 2007; Gelman et al., 2014) .
Vertical section of the Early Mesozoic Gangdese crust
The Gangdese crust in southern Tibet now has the thickest crust (60-80 km) in the world (Yakovlev & Clark, Fig. 19 . Variation of SiO 2 (wt %) vs age (Ma) (a), histogram of SiO 2 (wt %) (b), P 2 O 5 (wt %) vs SiO 2 (wt %) (c), (Dy/Yb) N vs SiO 2 (wt %) (d), zircon e Hf (t) vs latitude (e) and whole-rock e Nd (t) vs latitude (f) for the Early Mesozoic (237-170 Ma) magmatism within the southern Lhasa subterrane. The whole-rock Nd isotopic data sources are the same as for Fig. 13a . Subscript N denotes normalized to the chondrite values of Sun & McDonough (1989). 2014; Gao et al., 2016) , although when and how it achieved this thickness is still debated (e.g. Zhu et al., 2017) . The configuration of the crust at the initiation of the subduction-related magmatic arc in the Early Mesozoic forms an important foundation for the formation of current Gangdese crust. As argued above, the 237-170 Ma magmatic evolution was controlled by hornblende-dominated fractionation exemplified by the Cuijiu Igneous Complex, occurring at pressures between 2Á5 and 10 kbar.
To reconstruct the vertical section of the 237-170 Ma Gangdese crust, the most critical task is to infer the total thickness and the nature of the old basement of the crust. Given the absence of a garnet signal in the fractionation of the 237-170 Ma magmatic rocks (Fig. 19d) , the total thickness of the crust is inferred to be $35 km, consistent with the result determined using whole-rock La/Yb ratios of intermediate plutonic rocks ($37 km, Zhu et al., 2017) .
Minor Early Paleozoic gneissic granites and metamorphosed Late Devonian-Early Carboniferous igneous rocks (including the host gneissic granites of the Cuijiu Igneous Complex) have been reported in the eastern Gangdese Batholith. Geochemical and zircon Hf isotopic data reveal that they were derived from anatexis of ancient crustal materials, with various contributions of mantle-derived materials (Ji et al., 2012; Wu et al., 2013; Dong et al., 2014) . Taken together with the intrusive relationship between the Cuijiu Igneous Complex and the Late Devonian to Early Carboniferous gneissic granites (Fig. 3a) , we suggest that these orthogneisses and possibly older rocks constitute the basement, predating the Gangdese Batholith (Fig. 20b) .
The estimated pressures for the Cuijiu Igneous Complex crystallization and other contemporaneous plutonic rocks (Meng et al., 2016; Shui et al., 2016; Wang et al., 2017; Xu et al., 2017a; Ma et al., 2018) within the Gangdese Batholith (Figs 8 and 16b ), allow us to constrain the middle to lower compositions of the Gangdese Batholith. At the deepest exposed paleodepths (35-20 km), the Gangdese Batholith is dominated by a hornblende-rich ultramafic-mafic suite, with minor tonalites and diorites (Fig. 20b) . Based on the inferred mineral crystallization sequence (olivine ! clinopyroxene ! hornblende þ Fe-Ti oxides ! plagioclase þ apatite), some more primitive ultramafic rocks (such as pyroxenite and dunite) are inferred beneath these hornblende-rich rocks (Fig. 20b) .
The middle section (20-10 km) of the Gangdese Batholith is composed of a mixture of hornblende gabbros, gabbro-diorites, diorites, tonalites, monzogranitic dikes and cumulate tonalites (Fig. 20b) . Although we lack pressure data to constrain the upper crustal compositions (10-4 km), it is reasonable to infer that granitic and hypabyssal rocks are the main components (Fig. 20b) . The shallowest crustal levels (4-0 km) are represented by the coeval volcano-sedimentary rocks (Fig. 20b) (Geng et al., 2005; Zhu et al., 2008) .
The Cretaceous continental arc crust ($42 km) in the Sierra Nevada, as inferred by Saleeby et al. (2003) , is essentially similar in terms of lithologies to the Early Mesozoic Gangdese batholith section, but is thicker, with a thicker granitic batholith ($30 km). As inferred from experiments (Mü ntener et al., 2001; Alonso-Perez et al., 2009; Nandedkar et al., 2014; Ulmer et al., 2018) , crustal thickness, reflected in the depth of magma crystallization, has a significant impact on the order of crystallization and therefore the fractionation pathway that magmas take.
CONCLUSIONS
The Cuijiu Igneous Complex, exposed within the eastern Gangdese Batholith, is composed of ultramafic-mafic and felsic cumulates, and mafic to felsic non-cumulate plutonic rocks. Zircon and titanite U-Pb dating indicates that they were synchronously crystallized at c. 200 Ma. The non-cumulate plutonic rocks were formed through hornblende-dominated fractional crystallization of primitive basaltic magmas, derived from partial melting of a depleted mantle wedge that had been metasomatized by subduction-related fluids. The non-cumulates are complemented by ultramafic-mafic and felsic cumulates, and both rock suites record minor wall-rock assimilation. A number of intermediate to felsic samples exhibit adakitic Sr/Y ratios, produced by hornblende fractionation associated with a delay in plagioclase fractionation, at pressures <10 kbar, without the need for slab melting or residual garnet in the source.
An extreme AFC model well explains the formation of the Early Mesozoic (237-170 Ma) Gangdese Arc in the southern Lhasa subterrane: mantle-derived hydrous basaltic magmas underwent high-to intermediate-pressure fractional crystallization (<10 kbar) and crustal assimilation, producing low-SiO 2 hornblende-rich cumulates and derivative andesitic to dacitic magmas. The andesitic to dacitic liquids either erupted at the surface to form abundant andesite lava flows, or underwent further fractional crystallization and minor assimilation at the middle to upper crust to form highsilica rhyolitic liquids, which also erupted at the surface to form voluminous rhyolites. The plutonic rocks left behind in the crust are less evolved than their volcanic counterparts, suggesting that they might be weakly influenced by crystal accumulation and loss of interstitial melt. The Cuijiu Igneous Complex and associated igneous rocks indicate that the Early Mesozoic (237-170 Ma) Gangdese crust had a thickness of at least $35 km, with pre-existing metamorphosed Early Paleozoic and Late Paleozoic igneous rocks, and possibly other unknown rocks, forming the old basement. The batholith at that time was made of a root region dominated by ultramafic-mafic cumulates between 35 and 20 km, and a thick central region composed of granitoids (20-4 km) with a volcano-sedimentary cover ($4 km).
